We introduce the GALEX Arecibo SDSS Survey (GASS), an on-going large program that is gathering high quality Hi-line spectra using the Arecibo radio telescope for an unbiased sample of ∼1000 galaxies with stellar masses greater than 10 10 M ⊙ and redshifts 0.025 < z < 0.05, selected from the SDSS spectroscopic and GALEX imaging surveys. The galaxies are observed until detected or until a low gas mass fraction limit (1.5−5%) is reached. This paper presents the first Data Release, DR1, consisting of ∼20% of the final GASS sample. We use this data set to explore the main scaling relations of Hi gas fraction with galaxy structure and NUV-r colour. A large fraction (∼60%) of the galaxies in our sample are detected in Hi. Even at stellar masses above 10 11 M ⊙ , the detected fraction does not fall below ∼40%. We find that the atomic gas fraction M HI /M ⋆ decreases strongly with stellar mass, stellar surface mass density and NUV−r colour, but is only weakly correlated with galaxy bulge-todisk ratio (as measured by the concentration index of the r-band light). We also find that the fraction of galaxies with significant (more than a few percent) Hi decreases sharply above a characteristic stellar surface mass density of 10 8.5 M ⊙ kpc −2 . The fraction of gas-rich galaxies decreases much more smoothly with stellar mass. One of the key goals of the GASS survey is to identify and quantify the incidence of galaxies that are transitioning between the blue, star-forming cloud and the red sequence of passively-evolving galaxies. Likely transition candidates can be identified as outliers from the mean scaling relations between M HI /M ⋆ and other galaxy properties. We have fit a plane to the 2-dimensional relation between Hi mass fraction, stellar surface mass density, and NUV−r colour. Interesting outliers from this plane include gas-rich red sequence galaxies that may be in the process of regrowing their disks, as well as blue, but gas-poor spirals.
INTRODUCTION
There are good reasons to investigate how and why the cold gas content of a massive galaxy varies with stellar mass and other physical properties relating to its growth history. While the distinction between red, old ellipticals and blue, star-forming spirals has been known for a long time, recent work based on the Sloan Digital Sky Survey (SDSS; York et al. 2000) has shown that galaxies appear to divide into two distinct "families" at a stellar mass M⋆∼3 ×10
10 M⊙ (Strateva et al. 2001; Kauffmann et al. 2003; Baldry et al. 2004) . Lower mass galaxies typically have young stellar populations, low surface mass densities and the low concentrations characteristic of disks. On the other hand, galaxies with old stellar populations, high surface mass densities and the high concentrations typical of bulges tend to have higher mass. New theoretical work has led to a diverse set of possible mechanisms to explain this characteristic mass scale where galaxies transition from young to old (Kereš et al. 2005; Dekel & Birnboim 2006; Hopkins et al. 2008) , with nearly all operating via quenching or regulation of the gas supply (e.g., Martin et al. 2007) . Observations of the cold Hi gas component -the source of the material that will eventually form stars -in galaxies across the transition mass, will provide an important new test of those models.
Initial clues can come from the study of the Hi scaling relations of massive galaxies. Early seminal work (e.g., Haynes & Giovanelli 1984; Knapp, Turner, & Cunniffe 1985; Roberts et al. 1991 ; see Roberts & Haynes 1994 for a review) took the first step towards answering the question of how the Hi properties of galaxies vary as a function of morphological type, environment and other physical properties. Although massive "transition" galaxies are found in these and more recent samples (Paturel et al. 2003; Springob et al. 2005, hereafter S05; Bothwell, Kennicutt & Lee 2009 ), the selection criteria make it difficult to identify these in a robust way. One needs to quantify the distribution of gas fraction as a function of M⋆, colour, star formation rate (SFR) and other galaxy properties in order to understand which galaxies are more gas rich or gas poor than the mean.
It has become common practice to use "photometric gas-fractions" (Bell et al. 2003; Kannappan 2004; Zhang et al. 2009 ), which exploit the well-known connection between SFR and gas content (Schmidt 1959; Kennicutt 1998) , as a substitute for real gas measurements. However, these derived average relations cannot be used to study if and how the gas content relates to other properties and physical conditions in the galaxies.
Hi studies of transition objects require large and uniform samples spanning a wide range in gas fraction, stellar mass and other galaxy properties (e.g., structural parameters and star formation). Although blind surveys offer the required uniformity, Hi studies of transition galaxies are currently not possible because the depths reached by existing wide-area blind Hi surveys are very shallow compared to surveys such as the SDSS. The Hi Parkes All-Sky Survey (Barnes et al. 2001; Meyer et al. 2004) , covered ∼ 30000 deg 2 and produced a final catalog of around 5000 Hi detections with a median redshift of 2800 km s −1 . This should be contrasted with the main SDSS spectroscopic survey, which covers around 7000 deg 2 and contains more than half a million galaxies with a median redshift of 30,000 km s −1 . The recently initiated Arecibo Legacy Fast ALFA survey (AL-FALFA; Giovanelli et al. 2005 ) is mapping 7000 deg 2 to considerably deeper limits. With a median redshift of ∼9100 km s −1 , ALFALFA for the first time samples the Hi population over a cosmologically fair volume, and is expected to detect ∼30,000 extragalactic Hi-line sources out to redshifts of z ∼ 0.06. Even so, the galaxies in the transition regime detected with ALFALFA will be predominantly gas-rich.
In this paper we describe the first results and data release from the GALEX Arecibo SDSS Survey 1 (GASS), a new Hi survey specifically designed to obtain Hi measurements of ∼1000 galaxies in the local universe (0.025 < z < 0.05) with stellar masses M⋆ > 10 10 M⊙. As we discuss below, we observe these massive galaxies down to a low gas mass fraction limit (1.5−5%), in order to study the physical mechanisms that shape the stellar mass function, regulate gas accretion and quench further galaxy growth by conversion of gas into stars. We expect that GASS will provide a rich, homogeneous data set of structural and physical parameters (e.g., luminosity, stellar mass, size, surface brightness, gas-phase and stellar metallicities, AGN content, velocity dispersion), star formation rates and gas properties. Analysis of this unique sample should allow us, for the first time, to investigate how the cold gas responds to a variety of different physical conditions in the galaxy and obtain new insights on the physical processes responsible for the transition between blue, star-forming spirals and red, passivelyevolving ellipticals.
In a companion paper (Schiminovich et al., in preparation; hereafter Paper II), we derive volume-averaged quantities for our GASS sample to determine the relative fraction of Hi associated with massive galaxies in the local universe, and compare with the SFR density to explore how the gas consumption timescale varies across the galaxy population. In both papers we also discuss how we expect to refine and improve our analyses using the full GASS data set.
In this first paper we describe GASS survey design and selection criteria ( § 2 and § 3). Arecibo observations and data processing are discussed in § 4. We provide catalogs of SDSS/GALEX parameters and Hi-line spectroscopy measurements for the 176 galaxies in this first Data Release (DR1) in § 5 and § 6, respectively. Our results are presented in § 7. We characterize the properties of the DR1 data set in § 7.1. In order to obtain a sample that is unbiased in terms of Hi properties, we need to correct for the fact that we do not re-observe objects already detected by ALFALFA or galaxies found in the Cornell Hi archive (S05). We construct such a representative sample in § 7.2, and we use it to quantify average gas fraction scaling relations as a function of other galaxy parameters in § 7.3 and § 7.4. Our findings are summarized and further discussed in § 8.
All the distance-dependent quantities in this work are computed assuming Ω = 0.3, Λ = 0.7 and H0 = 70 km s −1 Mpc −1 . AB magnitudes are used throughout the paper.
SURVEY DESIGN
GASS is designed to efficiently measure the Hi content of an unbiased sample of ∼1000 massive galaxies, for which SDSS spectroscopy and GALEX (Martin et al. 2005) imaging are also available. As described below, the targets are selected only by redshift and stellar mass, and observed with the Arecibo radio telescope until detected or until a gas fraction limit of 1.5 − 5% is reached (i.e., a gas fraction limit an order of magnitude lower than in objects of similar stellar mass detected by ALFALFA at the same redshifts). We describe below our survey requirements and sample selection methodology.
Survey footprint. All the GASS targets are located within the intersection of the footprints of the SDSS primary spectroscopic survey, the projected GALEX Medium Imaging Survey (MIS) and ALFALFA. The SDSS primary spectroscopic sample targets all galaxies with r < 17.77 with high completeness (> 80% for r > 14.5). The GALEX MIS reaches limiting NUV magnitude ∼23, which allows us to probe the full range of colours (and derived SFRs) of the normal galaxy population. Existing ALFALFA coverage increases our survey efficiency by allowing us to remove from the GASS target list any objects already detected by AL-FALFA -this amounts to an estimated 20% of the galaxies meeting our selection criteria. However, this does not correspond to a 20% gain in observing time, because the objects that we skip are those that would be detected with the shortest integrations. We also do not re-observe galaxies with detections in the Cornell Hi digital archive of targeted observations (S05), a homogeneous compilation of Hi parameters for ∼9000 optically-selected galaxies, mostly selected for Tully-Fisher applications.
Stellar mass range (10 < LogM⋆/M⊙ < 11.5). We target a stellar mass range that straddles the "transition mass" at ∼3 × 10 10 M⊙.
Redshift range (0.025 < z < 0.05). An Hi survey of massive galaxies selected from SDSS is ideally performed at redshifts above z > 0.025. At magnitudes brighter than r ∼ 13 (corresponding to a transition mass galaxy at z = 0.025), the spectroscopic targeting completeness in the SDSS falls below 50%. Additionally, a single pointing on galaxies at z < 0.025 may occasionally underestimate the Hi flux, if their Hi disks are extended in comparison with the Arecibo beam. The upper end of our redshift interval is set by practical sensitivity limits as well as a desire to remain within the velocity range covered by ALFALFA (0 < z < 0.06). We further restricted the range to z < 0.05 in order to avoid the gap in ALFALFA velocity coverage caused by radio frequency interference (RFI) at 1350 MHz from the the Federal Aviation Administration (FAA) radar in San Juan.
Gas mass fraction/gas mass limit. A crucial goal of GASS is to identify galaxies that show signs of recent accretion and/or quenching. We wish to obtain accurate gas mass measurements for transition galaxies, which have had a small, but significant amount of recent star formation (1−5% of their total mass). This translates into a requirement that we observe the sample to an equivalent gas mass fraction (defined as MHI/M⋆ in this work) limit. Practically, we have set a limit of MHI/M⋆ > 0.015 for galaxies with M⋆> 10 10.5 M⊙, and a constant gas mass limit MHI= 10 8.7 M⊙ for galaxies with smaller stellar masses. This corresponds to a gas fraction limit 0.015 − 0.05 for the whole sample. This allows us to detect galaxies with gas fractions significantly below those of the Hi-rich ALFALFA detections at the same redshifts, and find early-type transition galaxies harboring significant reservoirs of gas. We do not try to detect inconsequential amounts of gas (MHI/M⋆ < 0.01) typical of the most gas-poor early-types. Based on the Hi mass limit assigned to each galaxy (i.e., MHI= 10 8.7 M⊙ or 0.015 M⋆, whichever is larger), we have computed the observing time, Tmax, required to reach that value with our observing mode and instrumental setup (see § 5).
SAMPLE SELECTION
Since the ALFALFA and GALEX surveys are on-going, we have defined a GASS parent sample, based on SDSS DR6 (Adelman-McCarthy et al. 2008 ) and the maximal AL-FALFA footprint, from which the targets for Arecibo observations are extracted. The parent sample includes 12006 galaxies that satisfy our stellar mass and redshift selection criteria (see Fig. 1 ); of these, ∼10000 have UV photometry from either the GALEX All-sky Imaging Survey (AIS; ∼100 s exposure, FUV lim , NUV lim < 21 mAB) or the MIS (∼1500 s exposure, FUV lim , NUV lim < 23 mAB). The final GASS sample will include ∼1000 galaxies, chosen by randomly selecting a subset which balances the distribution across stellar mass and which maximizes existing GALEX exposure time. In practice, we have extracted a subset of few hundred targets distributed across the whole GASS footprint, which includes galaxies that already have MIS or at least AIS data, and we have given highest priority to those in the sky regions already catalogued by ALFALFA. We have also given some priority to objects with stellar mass greater than 10 10.5
M⊙, but the final survey sample will have similar numbers of galaxies in each stellar mass bin.
Overlap with ALFALFA and Cornell Digital
Hi archive
As mentioned in § 2, we do not re-observe galaxies with good Hi measurements already available from either ALFALFA or the S05 digital archive. The overlap between the GASS parent sample and the S05 compilation of detected galaxies (their Table 3 ) is 430 objects. ALFALFA has released five catalogs to date, three of which are in sky regions with SDSS spectroscopic coverage Kent et al. 2008; Stierwalt et al. 2009 ). Together with still unpublished data, ALFALFA has fully catalogued the following two sky regions relevant for GASS: (a) 7.5 < α2000 < 16.5 hrs, +4 • < δ2000 < +16
• , and (b) 22 < α2000 < 3 hrs, +14
• < δ2000 < +16
• . Notice that the only ALFALFA detections that we do not re-observe are the ones classified as reliable (i.e., "code 1" in their tables); we do target the ALFALFA priors, i.e. candidate sources with lower signalto-noise (< 6.5) but optical counterparts with known and matching redshift ("code 2"). These sources are usually confirmed by GASS observations and detected with short integrations (13 of the 176 DR1 galaxies are classified as AL-FALFA code 2. They were all detected except one). In the Figure 1 . Sky footprint of the GASS survey. Gray points represent galaxies in the parent sample, the super-set of ∼12000 objects out of which targets for Arecibo observations are extracted. Blue points indicate the subset of galaxies detected by the ALFALFA survey to date.
rest of this paper, "ALFALFA detections" will refer only to the galaxies in the first category. Figure 1 shows the sky distribution of the 769 sources meeting GASS selection criteria that have been detected by the ALFALFA survey to date (blue points). These are divided into 658 in the region (a) defined above and 81 in (b), corresponding to 18% and 19% of the parent sample in the same areas. The S05 archive contributes 195 galaxies to region (a) and 45 to (b), the large majority of which are also ALFALFA detections (but the S05 Hi profiles have higher signal-to noise). After removing duplicates, the numbers of available Hi detections in regions (a) and (b) are 710 and 89, respectively.
ARECIBO OBSERVATIONS AND DATA REDUCTION
GASS observations started in March 2008 and are on-going. In the first 1.5 years of the survey until end of August 2009, Arecibo allocated 239 hours to this project, with approximately 40 hours lost to technical or RFI problems. The observations were scheduled in 85 blocks of 1−6.25 hours, with about 50% of the total allocation time in blocks of 3 hours or less. The full survey will require a total of ∼900 hours to be completed (not including the increased overhead caused by the scheduling in short blocks). Most of the observing (∼160 hours) has been carried out remotely from the MPA in Garching. Since May 2009, remote observations are also done from Columbia, JHU, and NYU. The Hi observations are done in standard positionswitching mode: each observation consists of an on/off source pair, each typically integrated for 5 minutes, followed by the firing of a calibration noise diode. We use the Lband wide receiver, which operates in the frequency range 1120−1730 MHz, with a 1280−1470 MHz filter to limit the impact of RFI on our observations. The interim correlator is used as a backend. The spectra are recorded every second with 9-level sampling. Two correlator boards, each configured for 12.5 MHz bandwidth, one polarization, and 2048 channels per spectrum (yielding a velocity resolution of 1.4 km s −1 at 1370 MHz before smoothing) are centered at or near the frequency corresponding to the SDSS redshift of the target. The other two boards are configured for 25 MHz bandwidth, two polarizations, 1024 channels per spectrum, and are centered at 1365 and 1385 MHz, respectively. This setup allows us to monitor the full frequency interval of the GASS targets (1353 to 1386 MHz, corresponding to z = 0.050 and z = 0.025, respectively) for RFI and other problems. All the observations are done during night-time to minimize the impact of RFI and solar standing waves on our data. The Doppler correction for the motion of the Earth is applied during off-line processing.
A radar blanker is used for ∼2/3 of our targets (those below 1375 MHz) to avoid RFI caused by harmonics of the FAA airport radar in San Juan, which transmits at 1330 and 1350 MHz. This device is synchronized with the pulsed signal of the radar -the data acquisition with the interim correlator is effectively interrupted for a time δt during and after each radar pulse (δt can be chosen by the observer to lie between 100 and 750 µs, and is typically set to 400 µs to block, in addition to the radar pulse, its delayed reflections from aircraft or other obstacles).
The target lists for the observing runs are prepared in advance. The selection is made from the compilation of galaxies mentioned in § 3, only a small subset of which are visible during each given observing window. The GASS targets are randomly chosen from that subset, after excluding galaxies with prior Hi detections from ALFALFA or the S05 archive, or with strong continuum sources within the beam that would cause ripples in the baselines.
We usually acquire up to three 5-minute on-off pairs per object per observing session, and accumulate observations from multiple sessions. One such pair requires approximately 13.5 or 11.3 minutes with or without the radar blanker, respectively, and exclusive of slew-to-source time. For galaxies with Tmax ≤ 4 minutes, or to use end-of-run blocks of order of 10 minutes, we acquire 4-minute pairs instead, but not shorter 2 . This is a good compromise between obtaining good quality profiles with small time investment for Hirich objects and minimizing overheads (which increase when an observation is broken into smaller time segments). Onsource integration times for the sample presented in this work ranged between 4 and 90 minutes, with an average of 13 minutes for the detections and 23 minutes for the nondetections (total times are ∼2.5 times longer).
GASS spectra are quickly combined and processed during the observations in order to assess data quality, and to allow us to stop the integration when the object is detected, or when the maximum time to reach its limiting gas fraction has been reached. A more careful data reduction, which includes RFI excision, is performed off-line at a later stage.
The data reduction is performed in the IDL environment using our own routines, which are based on the standard Arecibo data processing library developed by Phil Perillat. More specifically, we adapted the software written to process and measure the observations described in Catinella et al. (2008) , which, apart for targeting higher redshift objects, adopted identical observing mode and setup. In summary, the data reduction of each polarization and on-off pair includes Hanning smoothing, bandpass subtraction, RFI excision, and flux calibration. A total spectrum is obtained for each of the two orthogonal linear polarizations by combining good quality records (those without serious RFI or standing waves). Each pair is weighted by a factor 1/rms 2 , where rms is the root mean square noise measured in the signal-free portion of the spectrum. The two polarizations are separately inspected (they usually agree well. If present, polarization mismatches are noted in the Appendix), and averaged to produce the final spectrum.
After boxcar smoothing and baseline subtraction, the Hi-line profiles are ready for the measurement of redshift, rotational velocity and integrated Hi line flux. Recessional and rotational velocities are measured at the 50% peak level from linear fits to the edges of the Hi profile. Our measurement technique is explained in more detail, e.g., in Catinella, Haynes, & Giovanelli (2007, §2.2) .
SDSS AND GALEX DATA
This section summarizes the quantities derived from optical and UV data used in this paper. All the optical parameters listed below were obtained from Structured Query Language (SQL) queries to the SDSS DR7 database server 3 , unless otherwise noted.
The GALEX UV photometry for our sample was completely reprocessed by us, as explained in Wang et al. (2009) . Briefly, we registered GALEX NUV/FUV and SDSS r-band images, and convolved the latter to the (lower resolution) UV Point Spread Function (PSF) using Image Re-duction and Analysis Facility (IRAF) tasks. The UV PSFs are measured from stacked stellar images, obtained by coadding the stars within 1200 pixels from the center of the frame. After masking out nearby sources detected in either UV or convolved SDSS r-band images, we used SExtractor (Bertin & Arnouts 1996) to calculate magnitudes within Kron elliptical apertures, defined on the convolved SDSS images.
The NUV−r colours thus derived are corrected for Galactic extinction following Wyder et al. (2007) , who adopted A(λ)/E(B − V ) = 2.751 for the SDSS r-band and A(λ)/E(B − V ) = 8.2 for GALEX NUV. From these assumptions, the correction to be applied to NUV−r colours is ANUV − Ar = 1.9807Ar , where the extinction Ar is obtained from the SDSS data base (listed in Table 1 below as "extr").
Internal dust attenuation corrections are very uncertain for galaxies outside the blue sequence, especially in absence of far infrared data (e.g., Johnson et al. 2007; Wyder et al. 2007; Cortese et al. 2008) . Moreover, obtaining reliable SFRs from NUV photometry is not trivial in the poorly calibrated, low specific SFR regime (e.g., Schiminovich et al. 2007; Salim et al. 2007) . A detailed discussion of these issues is beyond the scope of this work, and is presented in Paper II. Hence, we do not correct NUV−r colours for dust attenuation, nor we derive dust-corrected SFRs in this paper. Table 1 lists the relevant SDSS and UV quantities for the GASS objects published in this work, ordered by increasing right ascension: Cols. (1) and (2): GASS and SDSS identifiers. Col. (3): SDSS redshift, zSDSS. The typical uncertainty of SDSS redshifts for this sample is 0.0002. Col. (4): base-10 logarithm of the stellar mass, M⋆, in solar units. Stellar masses are derived from SDSS photometry using the methodology described in Salim et al. 2007 (a Chabrier 2003 initial mass function is assumed). Over our required stellar mass range, these values are believed to be accurate to better than 30%, significantly smaller than the uncertainty on other derived physical parameters such as star formation rates. This accuracy in M⋆ is more than sufficient for this study. Col. (5): radius containing 50% of the Petrosian flux in zband, R50,z, in arcsec. Cols. (6) and (7): radii containing 50% and 90% of the Petrosian flux in r-band, R50 and R90 respectively, in arcsec (for brevity, we omit the subscript "r" from these quantities throughout the paper). Col. (8): base-10 logarithm of the stellar mass surface density, µ⋆, in M⊙ kpc −2 . This quantity is defined as µ⋆ = M⋆/(2πR (13): maximum on-source integration time, Tmax, required to reach the limiting Hi mass fraction, in minutes (see § 2). Given the Hi mass limit of the galaxy (set by its gas fraction limit and stellar mass), we computed the required integration time to reach this limit at the galaxy's redshift, assuming a 5σ signal with 300 km s −1 velocity width and the instrumental parameters typical of our observations (i.e., gain ∼10 K Jy −1 and system temperature ∼28 K at 1370 MHz).
Hi SOURCE CATALOGS
In this section we present the main Hi parameters of the 99 galaxies detected by GASS to date, and provide upper limits for the 77 objects that were not detected. Table 2 lists the derived Hi quantities for the detected galaxies (ordered by increasing right ascension), namely: Cols. (1) and (2) (4): on-source integration time of the Arecibo observation, Ton, in minutes. This number refers to on scans that were actually combined, and does not account for possible losses due to RFI excision (usually negligible). Col. (5): velocity resolution of the final, smoothed spectrum in km s −1 . Col. (6): redshift, z, measured from the Hi spectrum. The error on the corresponding heliocentric velocity, cz, is half the error on the width, tabulated in the following column. Col. (7): observed velocity width of the source line profile in km s −1 , W50, measured at the 50% level of each peak. The error on the width is the sum in quadrature of the statistical and systematic uncertainties in km s −1 . Statistical errors depend primarily on the signal-to-noise of the Hi spectrum, and are obtained from the rms noise of the linear fits to the edges of the Hi profile. Systematic errors depend on the subjective choice of the Hi signal boundaries, and are estimated as explained in Giovanelli et al. (2007) . These are negligible for most of the galaxies in this sample (only 17 objects have systematic errors greater than zero). Col. (8) (10): rms noise of the observation in mJy, measured on the signal-and RFI-free portion of the smoothed spectrum. Col. (11): signal-to-noise ratio of the Hi spectrum, S/N, estimated following Saintonge (2007) and adapted to the velocity resolution of the spectrum. This is the definition of S/N adopted by ALFALFA, which accounts for the fact that for the same peak flux a broader spectrum has more signal. Col. (12): base-10 logarithm of the Hi mass, MHI, in solar units, computed via:
where dL(z) is the luminosity distance to the galaxy at redshift z as measured from the Hi spectrum.
Col. (13): base-10 logarithm of the Hi mass fraction, MHI/M⋆. Col. (14): quality flag, Q (1=good, 2=marginal, 5=con-fused). An asterisk indicates the presence of a note for the source in the Appendix. Code 1 refers to reliable detections, with a S/N ratio of order of 6.5 or higher (this is the same threshold adopted by ALFALFA). Marginal detections have lower S/N, thus more uncertain Hi parameters, but are still secure detections, with Hi redshift consistent with the SDSS one. The S/N limit is not strict, but depends also on Hi profile and baseline quality. As a result, galaxies with S/N slightly above the threshold but with uncertain profile or bad baseline may be flagged with a code 2, and objects with S/N 6.5 and Hi profile with well-defined edges may be classified as code 1. We assigned the quality flag 5 to four "confused" galaxies, where most of the Hi emission is believed to come from another source within the Arecibo beam. For some of the galaxies, the presence of small companions within the beam might contaminate (but is unlikely to dominate) the Hi signal -this is just noted in the Appendix. Finally, we assigned code 3 to GASS 9463, which is both marginal and confused. Table 3 gives the derived Hi upper limits for the non-detections. Columns (1-4) and (5) are the same as columns (1-4) and (10) in Table 2 , respectively. Column (6) lists the upper limit on the Hi mass in solar units, Log MHI ,lim , computed assuming a 5 σ signal with 300 km s −1 velocity width, if the spectrum was smoothed to 150 km s −1 . Column (7) gives the corresponding upper limit on the gas fraction, Log MHI ,lim /M⋆. An asterisk in Column (8) indicates the presence of a note for the galaxy in the Appendix. Figure 2 shows SDSS images and Hi spectra for the galaxies with quality flag 1 in Table 2 ; marginal detections and galaxies for which confusion is certain are shown separately in Figure 3 , and non-detections are presented in Figure 4 . The objects in these figures are ordered by increasing GASS number (indicated on the top right corner of each spectrum). The SDSS images show a 1 arcmin square field, i.e., only the central part of the region sampled by the Arecibo beam (the half power full width of the beam is ∼3.5
′ at the frequencies of our observations). Therefore, companions that might be detected in our spectra typically are not visible in the postage stamps -examples include GASS 40007, a spectacular pair of blue spirals with 1.3 ′ separation and 60 km s −1 velocity difference (marked as confused in Table 2 , even if the Hi spectrum does not appear clearly distorted), and a few non-detections (e.g., GASS 29090, 40686, and 42156). The Hi spectra are always displayed over a 3000 km s −1 velocity interval, which includes the full 12.5 MHz bandwidth adopted for our observations. The Hi-line profiles are calibrated, smoothed (to a velocity resolution between 5 and 21 km s −1 for the detections, as listed in Table 2 , or to ∼15 km s −1 for the non-detections), and baseline-subtracted. A red, dotted line indicates the heliocentric velocity corresponding to the optical redshift from SDSS. There is a very good agreement between SDSS and Hi redshifts, with only small offsets that are usually within the typical SDSS measurement uncertainty (0.0002). In Figures 2 and 3, the shaded area and two vertical dashes show the part of the profile that was integrated to measure the Hi flux and the peaks used for width measurement, respectively.
The GASS Hi spectral data products will be incorporated into the Cornell Hi digital archive 4 , a registered Vir- 
RESULTS

GASS DR1 Sample
We describe here the properties of the galaxies included in this first GASS data release, whose Arecibo Hi-line profiles and derived parameters were presented in the previous section.
The sky distribution of the galaxies is shown in Fig- ure 5. As can be seen, most of the observing time thus far has been allocated in the 110 • < α2000 < 250
• region (referred to as the "Spring sky", because visible from Arecibo during the night-time in that season). The targets are also concentrated in the part of sky already covered and catalogued by ALFALFA (rectangles). We did observe several galaxies located outside the current ALFALFA catalogued footprint, partly because of time allocation constraints and partly because, as already mentioned, we gave some priority to objects with stellar mass larger than 10 10.5 M⊙.
The distributions of measured Hi properties for GASS detections are presented in Figure 6 (solid histograms). In the top left panel, we show the redshift histogram for the full DR1 sample using SDSS measurements (dotted). The distribution of velocity widths (not deprojected to edge-on view) peaks near 300 km s −1 . As mentioned in the previous section, this is the value we adopt to calculate Hi mass limits for the non-detections. The measured Hi masses vary between 4.6 × 10 8 and 3.2 × 10 10 M⊙. Approximately half of the galaxies detected by GASS have Hi mass fractions smaller than 10%.
An overview of some of the optical-and UV-derived parameters for this data set is found in Figure 7 , where solid and hatched histograms represent full sample and nondetections, respectively (dotted histograms will be discussed in the next section). Galaxies that were not detected in Hi are spread throughout the entire GASS stellar mass interval (panel a), but are preferentially found at higher M⋆ values. The detection rate of the survey as a function of M⋆ is shown in panel (b). The fraction of detected galaxies decreases with stellar mass, but does not drop below 35% even at stellar masses larger than 10 11 M⊙ (except for the very last bin, where we targeted only two objects). Thus, GASS is sensitive enough to detect Hi in a significant fraction of massive systems. The bottom panels of Figure 7 show SDSS r-band magnitude and observed (i.e., not corrected for dust attenuation) NUV−r colour distributions for this sample. The well-known separation between blue cloud and red sequence galaxies, best appreciated when UV-to-optical colours are used (e.g., Wyder et al. 2007) , is clearly seen in panel (d). Not surprisingly, nearly all the non-detections are found in the red sequence, whereas bluer, star-forming objects are almost always detected. Particularly interesting are the galaxies detected in red sequence. Of the 17 detections with NUV−r> 5, half are highly inclined disks, thus their colours are likely reddened by dust, but most of the others have a featureless, spheroidal appearance in the SDSS images. The gas fractions of these detections are all below 6%, with two very notable exceptions, GASS 9863 and 3505 (Hi mass fractions of 27% and 50%, respectively), both earlytype galaxies. GASS 3505 in particular is an extraordinary system that will be mentioned again in this work -its SDSS image and Arecibo detection can be seen in the left column of the second row of Figure 2 .
In Figure 8 , we examine how the gas mass fraction of this sample varies as a function of several other galaxy properties. From top to bottom and from left to right, the Hi-tostellar mass ratio is plotted as a function of stellar mass, stellar mass density, concentration index, and observed NUV−r colour. In all panels, GASS detections are represented by red circles, and upper limits for non-detections are plotted as green, upside-down triangles. For comparison, the Hi-rich ALFALFA detections 5 in the GASS parent sample are shown as small gray circles. Blue circles are randomly-selected, gasrich galaxies from either ALFALFA or the S05 archive of pointed observations, added to the DR1 sample in the right proportion to quantify average trends in the data (see § 7.2). The stars identify the locations of GASS 3505 (red) and GASS 7050 (green), which are somewhat extreme examples of two opposite types of transition galaxies. The former is an early-type galaxy with unusually high gas content that might be reaccreting a disk (thus moving from the red toward the blue sequence), and the latter is a gas-poor, disk galaxy (which is likely moving in the opposite direction, from the blue to the red sequence. The SDSS image and Hi spectrum of GASS 7050 can be seen in the right column of the second row of Figure 4 ). This figure illustrates how GASS is able to measure the Hi content of massive galaxies down to a gas fraction limit which is an order of magnitude lower than that achieved by ALFALFA over the same redshift range. This allows us to quantify the distribution of atomic gas fractions over a much wider dynamic range. The figure also Figure 8 . The Hi mass fraction of the GASS sample is plotted here as a function of stellar mass, stellar mass surface density, concentration index, and observed NUV−r colour. Red circles and green triangles represent detections and non-detections, respectively. Blue symbols indicate randomly selected, Hi-rich ALFALFA and S05 galaxies added to the DR1 sample in the correct proportion, to compensate for the fact that we do not re-observe objects with good detections in either of those archives. The sample including red, green and blue symbols is one example of the catalogs described in § 7.2, and contains 193 galaxies. For comparison, we also show the full set of ALFALFA galaxies meeting the GASS selection criteria that have been catalogued to date (gray). The stars in all plots highlight the locations of two interesting objects, GASS 3505 (red) and GASS 7050 (green), discussed in the text. The dashed line on the top-left panel indicates the Hi detection limit of the GASS survey. Dotted lines in each panel are linear fits to the red and blue circles only.
illustrates the relative strengths of the correlations (or lack thereof) between gas content and galaxy structural parameters, and also between gas content and NUV−r, a quantity that characterizes the stellar populations of the galaxies in our sample.
We discuss each panel below. In order to quantify the scatter in each correlation, we have performed a leastsquares fit to all the galaxies with Hi detections (i.e., all the points plotted as red and blue circles in Fig. 8 ). The result of the fit is shown as a dotted line in each panel. We only report the rms variance in Log MHI/M⋆ about each relation, σ, in the text below.
Stellar mass. -The apparently clean correlation between gas mass fraction and M⋆ exhibited by the Hi-rich ALFALFA galaxies in this stellar mass regime is mostly due to the sensitivity limits of the blind Hi survey. At each stellar mass, GASS detects many objects with significantly lower gas fractions. The gas fraction of the GASS detections decreases as a function of stellar mass, but the correlation has larger scatter (σ = 0.386 dex) compared to the one obtained for the ALFALFA galaxies. As already noted, the non-detections span the full M⋆ interval studied by GASS, but their fraction of the targeted sample increases with stellar mass. The stellar mass-dependent detection limit of our survey is indicated by a dashed line 6 .
6 Several data points scatter below the nominal detection threshold, and some non-detections lie slightly above it. There are two main reasons for this. First, the dashed line is the expected limit, computed assuming an average value for the telescope gain and a 5 σ signal of fixed velocity width (300 km s −1 , which is representative for the massive galaxies that we target). For the same Hi flux, galaxies with narrower profiles (i.e., smaller observed velocity widths, which might be intrinsic and/or due to small inclination Stellar mass density. -Interestingly, the gas content of massive galaxies seems to correlate better with µ⋆ than with M⋆. Quantitatively, the rms variance in Log MHI/M⋆ at a fixed value of µ⋆ is σ = 0.364 dex, i.e. 6% smaller than the variance at a fixed value of M⋆. Another striking feature in this plot is the distribution of the non-detections, which all have µ⋆> 10 8.6 M⊙ kpc −2 , without a single exception. We will come back to this point later.
Concentration index. -The concentration index is defined as R90/R50, where R90 and R50 are the radii enclosing 90% and 50% of the r-band Petrosian flux, respectively (see Table 1 ). As shown in Figure 1 of Weinmann et al. (2009) , there is a tight and well-defined correlation between the concentration index and the bulge-to-total ratio derived from full 2-dimensional multi-component fits using the methods presented in Gadotti (2009) . It is thus very interesting that the dependence of MHI/M⋆ ratio on concentration is considerably weaker (σ = 0.449 dex) than its dependence on stellar mass or stellar surface density. Because the Hi gas is expected to be located in the disk and not the bulge, this lack of correlation might imply that the bulge has little influence on the formation or fuelling of the disk.
NUV−r colour. -Colour is well known to be a reasonably good predictor of gas content for blue-sequence, star-forming galaxies. We show here that the correlation between those two quantities continues with increased scatter beyond the blue sequence traced by the Hi-rich ALFALFA galaxies, and down to the survey gas fraction limit. This is in agreement with previous work by, e.g., Cortese & Hughes (2009) , based on a sample of galaxies located in regions in and around nearby clusters. Among the four parameters considered here (i.e., M⋆, µ⋆, R90/R50 and NUV−r), NUV−r colour is the one most tightly correlated with gas fraction (σ = 0.327 dex). As seen in Figure 7d , almost all the nondetections are found in the red sequence. We also notice that GASS 3505 and GASS 7050 stand out as clear outliers in this plot, with a gas content well displaced from the average for their NUV−r colour.
In the remainder of the paper, we will quantify the main correlations explored in this section and discuss their implications.
Building a Representative Sample
Although this first data release amounts to only ∼20% of the full survey sample, our target selection has not been biased by any galaxy property except stellar mass. As described in § 3, in this initial phase of the survey we have given some to the line-of-sight) are easier to detect, thus they might yield gas fractions below the dashed line. Non-detections can scatter around that line because upper limits are based on the actual rms noise measured from the spectra, which might differ slightly from the expected value (the telescope gain depends on azimuth, zenith angle, and frequency of the observation; the actual rms depends on baseline quality). Second, we never integrate less than 4 minutes, even if the maximum time Tmax computed to reach the gas fraction limit is smaller (see § 4). This affects the higher stellar mass galaxies, for which the limit can be reached in as little as one minute. As for the detections with small Tmax values, we consider taking an additional on/off pair when the small investment of time guarantees a significantly improved Hi profile. priority to galaxies with stellar masses greater than 10 10.5 M⊙, but otherwise the selection has been random. We can thus use this sample to quantify the correlations between Hi mass fraction and other physical parameters discussed above, after accounting for the missing Hi-rich objects that were not observed because they are in ALFALFA or in the S05 archive.
In order to construct a sample of galaxies that is representative in terms of Hi properties, we clearly need to add the correct proportions of ALFALFA and S05 galaxies to the GASS data set. We determined such proportions for each stellar mass bin as follows. We used the ALFALFA catalog footprint available to date to estimate the fractions of GASS parent sample galaxies detected by ALFALFA (fAA) and in the S05 archive (fS05, not counting those already in fAA). One complication is that we observed targets outside that footprint, some of which might turn out to be ALFALFA detections, and we should not count these twice. Thus, let us call NG and NG,<AA the total number of GASS objects in the given stellar mass bin and those below the ALFALFA detection limit, respectively. The numbers of ALFALFA and S05 galaxies that should be added back into the sample, for each stellar mass bin, are:
where (NG − NG,<AA) effectively count as ALFALFA detections (they would be if that survey was already completed), and
where, as noted above, fS05 does not include ALFALFA detections. Repeating this process for each stellar mass bin yields a sample of ∼200 galaxies. In order to better account for statistical fluctuations, we generated 100 such catalogs, each time selecting objects randomly from the ALFALFA and S05 data sets in the correct proportions. More specifically, each catalog is obtained by adding N ′ AA and N ′ S05 galaxies to each M⋆ bin of the GASS data set, where N ′ AA and N ′ S05 are random Poisson deviates of NAA and NS05, respectively. The catalogs contain between 179 and 193 galaxies (187 on average), thus the percentage of Hi-rich galaxies added to the GASS sample is less than 10%. This is illustrated by the blue symbols in Figure 8 for one of these catalogs (red and green symbols are GASS detections and non-detections, respectively, and blue circles are randomly-selected Hi-rich galaxies that were added to each M⋆ bin).
When we compute the average Hi gas fraction as a function of different galaxy properties, we do so based on the 100 catalogs discussed here. The average data set obtained from these catalogs will be referred to henceforth as our representative sample. To estimate error bars, we also tried to take into account the variance internal to the GASS sample itself using standard bootstrapping techniques. We generated 100 random catalogues in a similar way to that described above, but we also draw random indices for GASS galaxies (allowing for repetitions). The catalogs in this second set include between 179 and 200 galaxies each (189 on average). . Average trends of Hi mass fraction as a function of stellar mass, stellar mass surface density, concentration index and observed NUV−r colour based on the representative sample discussed in § 7.2. In each panel, large circles indicate average gas fractions (weighted as explained in the text). These were computed including the non-detections, whose Hi mass was set to either its upper limit (dark green) or to zero (red). Green triangles are weighted medians. The average number of galaxies in each bin, N i , is indicated above the x axis; only bins with N i ≥ 8 are shown. These results are listed in Table 4 . Galaxies in the GASS parent sample detected by ALFALFA are plotted as small gray circles. The dashed line in the first panel shows the Hi detection limit of the GASS survey.
Gas Fraction Scaling Relations
In Figure 9 , we show how the average Hi mass fraction of massive galaxies varies as a function of stellar mass, stellar mass surface density, concentration index and observed NUV−r colour. This quantity is calculated for each of the 100 catalogs described in the previous section that do not include bootstrapping of the GASS galaxies. We average the gas fractions in a given bin, properly weighted in order to compensate for the uneven stellar mass sampling of the DR1 data set, using the full GASS parent sample as a reference. We bin both the parent sample and the individual catalogs by stellar mass (with a 0.2 dex step), and use the ratio between the two histograms as a weight. In other words, a galaxy in the i-th stellar mass bin and in a given catalog is assigned a weight NPS,i/Ncat,i, where NPS,i and Ncat,i are the numbers of objects in the i-th Log M⋆ bin in the parent sample and in that catalog, respectively. This is a valid procedure because the parent sample is a volume-limited catalogue of galaxies with M⋆> 10 10 M⊙. The final average gas fractions are then computed by averaging the weighted mean values obtained for each catalog. The results are shown as large circles in Figure 9 . The difference between green and red circles illustrates two different procedures for dealing with the non-detections: the Hi mass is set either to the upper limit (green) or to zero (red). As can be seen, the answer is insensitive to the way we treat the galaxies without Hi detections, except for the very most massive, dense and red galaxies. Note that this is entirely due to the deep limit of the GASS survey. The error bar on each circle indicates the 1σ uncertainty on our estimate of the average gas mass fraction, computed from the dispersion of the weighted mean values of the bootstrapped catalogs. The average number of galaxies that contributed to each bin is indicated in the panels. Because of the small number statistics in some of these bins, our bootstrapping analysis might still underestimate the error bars. Figure 10 . Gas fraction as a function of stellar mass and stellar mass density for our representative sample. Black symbols and lines are weighted averages obtained by setting the non-detections to their upper limits (same as dark green trends in Fig. 9 ). Left: The sample is divided into two bins of stellar mass density (blue: Log µ⋆< 8.9, red: Log µ⋆≥ 8.9). Right: The sample is divided into two bins of stellar mass (blue: Log M⋆< 10.7, red: Log M⋆≥ 10.7). Average numbers of galaxies in each bin are indicated in the panels. Only averages based on N ≥ 9 galaxies are plotted.
Weighted median 7 values of the MHI/M⋆ ratios are plotted in Figure 9 as triangles. In the highest M⋆, µ⋆, concentration index and NUV−r colour bins, the "median" galaxy is a non-detection. The values of weighted average and median gas fractions illustrated in this figure are listed in Table 4 for reference. Lastly, small gray circles in these panels represent galaxies in the GASS parent sample detected by ALFALFA. It is clear that the shallower, blind Hi survey is biased to significantly higher gas fractions compared to our estimates of the global average.
As the plots in Figure 9 and Table 4 show, the gas content of massive galaxies decreases with increasing M⋆, µ⋆ concentration index, and observed NUV−r colour. The strongest correlations are with µ⋆ and NUV−r. The average gas fraction decreases by more than a factor of 30 as µ⋆ increases from 10 8 M⊙ kpc −2 to a few times 10 9 M⊙ kpc −2 , i.e. the relation is very close to a linear one. A similar large decrease is obtained as a function of NUV−r. In contrast, the average Hi fraction decreases by a factor of ∼20 over a 1.5 dex range in stellar mass. The relation with concentration index is even shallower, remaining approximately constant up to a concentration index of 2.5, and then declining by a factor of only ∼5 up to the highest values of R90/R50. Figure 9 also shows that the difference between the mean and median values of MHI/M⋆ is smallest when it is plotted as a function of µ⋆ and NUV−r. This is because these two properties yield relatively tight correlations without significant tails to low values of gas mass fraction (see Fig. 8 ).
In Figure 10 , we split our sample into two bins in stellar mass density (left) and in stellar mass (right). Although somewhat limited by small number statistics, there is evidence that a change in M⋆ has a smaller effect on the re-7 Given n elements x 1 ...xn with positive weights w 1 ...wn such that their sum is 1, the weighted median is defined as the element x k for which: X
lation between gas fraction and µ⋆ than viceversa. In other words, the gas mass fraction of massive galaxies appears to be primarily correlated with µ⋆, and not M⋆. Finally, in Figure 11 , we have plotted the fraction of galaxies with Hi gas fractions greater than 0.1 (squares) and greater than 0.03 (circles) as a function of stellar mass and stellar surface density. As can be seen, the fraction of galaxies with significant (i.e., more than a few percent) gas decreases smoothly as a function of stellar mass. In contrast, there appears to be a much more sudden drop in the fraction of such galaxies above a characteristic stellar surface density of 3 × 10 8 M⊙ kpc −2 . This result can also be seen in the top right panel of Figure 8 , where we see that all the galaxies that were not detected in Hi have stellar surface densities greater than 3 × 10 8 M⊙ kpc −2 .
Predicting the Hi Fraction
As discussed in the previous sections, the Hi mass fraction is most tightly correlated with stellar surface mass density and NUV−r colour, and the correlations are close to linear (at least for galaxies on the blue sequence). In addition, it can be demonstrated that there is also a tight correlation between NUV−r colour and stellar surface mass density. This implies that a linear combination of the two latter quantities might provide us with an excellent predictor for the average gas content of a massive galaxy. We have thus fit a plane to the 2-dimensional relation between Hi mass fraction, stellar surface mass density, and NUV−r colour following the methodology outlined in Bernardi et al. (2003) . This is standard practice for elliptical galaxies, which have been shown to obey a tight plane in the 3-dimensional space of effective radius, surface brightness and stellar velocity dispersion. We performed this plane-fitting exercise using only detected galaxies in one of the non-bootstrapped catalogs described in § 7.2 (the one illustrated in Figure 8 ). The sample used is reproduced in Figure 12 , where red and blue circles indicate DR1 detections and Hi-rich objects added to the Figure 11 . Detection fraction of galaxies as a function of stellar mass (left) and stellar mass surface density (right). Circles and squares represent objects with M HI /M⋆ greater that 3% and 10%, respectively. sample, respectively. ALFALFA galaxies (small circles) and non-detections (upside-down triangles) are not used in the fit and are shown for comparison only. The gas fractions obtained from our best fit relation are compared with measured ones in the figure. The 1:1 relation is indicated by a dotted line, and the values of the fit coefficients are given in the caption. The rms scatter in Log MHI/M⋆ about this relation is 0.315 dex, i.e., we obtain a 4% and 13% reduction in the scatter compared to the 1-d relations involving NUV−r and µ⋆, respectively.
We note that the most gas-rich galaxies in our sample, as well as the ALFALFA galaxies, lie systematically above the plane, as expected. The most gas-poor galaxies lie systematically below the plane. This may result from the fact that the non-detections are not used in the fit. With the increased sample sizes that will be available to us in future, we will be able to stack the non-detections to estimate an average gas content, and attempt to use this measurement as a way to anchor the prediction at the low gas fraction end.
Perhaps the most interesting use for our best-fit plane is as a means to identify interesting objects that deviate strongly from the average behavior of the sample. These outliers are the best candidates for galaxies that might be transitioning between the blue cloud of star-forming spirals and the red sequence of passively-evolving galaxies.
Galaxies which are anomalously gas-rich given their colours and densities scatter above the mean relation, while those that are gas-poor scatter below. This is clearly demonstrated by the Hi-rich ALFALFA galaxies, which are preferentially found above the line. Also, GASS 3505 (marked with a red star on the diagram), a galaxy that has optical morphology and colours characteristic of a normal elliptical, but a 50% Hi mass fraction, is a clear outlier in this plane.
Of equal interest are the galaxies with low Hi mass fractions, but that are still forming stars. These galaxies are found near the bottom the plots, but shifted to the right (e.g., GASS 7050, a gas-poor disk galaxy that was not detected in Hi, is indicated by a green star). These may be systems where the Hi gas has recently been stripped by tidal interactions or by ram-pressure exerted by intergalactic gas, or where other feedback processes have expelled the gas. In future work, we plan to investigate these different classes of transition galaxy in more detail.
SUMMARY AND DISCUSSION
In this paper we introduce the GALEX Arecibo SDSS Survey (GASS), an on-going large program that is gathering high quality Hi-line spectra for an unbiased sample of ∼1000 massive galaxies using the Arecibo radio telescope. The sources are selected from the SDSS spectroscopic and GALEX imaging surveys, and have stellar masses M⋆> 10 10 M⊙ and redshifts 0.025 < z < 0.05. They are observed until detected or until a low gas mass fraction limit (1.5−5% depending on stellar mass) is reached.
Blind Hi surveys such as ALFALFA, which detects ∼20% of the GASS targets, are heavily biased towards blue, gas-rich systems at the same redshifts. A number of past studies have investigated the Hi content of elliptical and early-type galaxies (e.g., Morganti et al. 2006; Oosterloo et al. 2007 ), but these samples are selected by morphology and hence may not be representative of the full population of massive galaxies. GASS is the first study to specifically target a sample that is homogeneously selected by stellar mass, a robust measure that is essential for understanding the observations and connecting them with theory.
We have presented the first Data Release, DR1, consisting of ∼20% of the final GASS sample. Based on this first data installment we have built an unbiased, representative sample, which has been used to explore the main scaling relations between Hi gas fraction and other parameters related to structure and stellar populations of the galaxies in this study. Our main findings are discussed below.
(i) A large fraction (∼60%) of the galaxies are detected in Hi. Even at stellar masses above 10 11 M⊙, the detected fraction does not fall below ∼40%. Around 9% of galaxies more massive than 10 11 M⊙ have Hi fractions larger than 0.1 and 34% have Hi fractions larger than 0.03. (ii) We have studied the correlation between MHI/M⋆ ratio and a variety of different galaxy properties. We find that the gas fraction of massive galaxies correlates strongly with stellar mass, stellar surface mass density and NUV−r colour, but correlates only weakly with the concentration index of the r-band light. The scatter in the correlations increases visibly outside the blue sequence of Hi-rich, star-forming spirals.
(iii) The gas content of massive galaxies decreases for increasing values of M⋆ and µ⋆. The latter quantities are clearly related, but we presented evidence (although based on somewhat limited statistics) that the primary correlation is with stellar mass surface density, rather than with stellar mass.
(iv) We also found that the fraction of galaxies with significant gas content (i.e., MHI/M⋆ greater than a few percent) decreases strongly above a stellar surface mass density of 10 8.5 M⊙ kpc −2 . This is the threshold stellar mass density between disk-dominated, late-type galaxies and bulge-dominated, early-type objects identified by Kauffmann et al. (2006) , across which the recent star formation histories of local galaxies have been shown to undergo a transition. Based on their study of the scatter in colour and spectral properties of SDSS galaxies, Kauffmann et al. argue that star formation proceeds at the same average rate per unit stellar mass below the characteristic surface density, and shuts down above the threshold. Schiminovich et al. (2007) also noted a striking change in the UV-derived specific SFRs of SDSS galaxies at the same characteristic µ⋆ (see their Fig. 20) .
(v) A similar transition in gas properties near the characteristic stellar mass M⋆∼3 ×10 10 M⊙ (Strateva et al. 2001; Kauffmann et al. 2003; Baldry et al. 2004 ) is not evident from our data. This appears to be in contradiction to the results of Bothwell, Kennicutt & Lee (2009), who claim to detect such a transition in MHI/M⋆, based on a sample of much more nearby galaxies. We caution that our results are still limited by small statistics, particularly at the low stellar mass end.
One of the key goals of the GASS survey is to identify and quantify the incidence of transition objects, which might be moving between the blue, star-forming cloud and the red sequence of passively-evolving galaxies. Depending on their path to or from the red sequence, these objects should show signs of recent quenching of star formation or accretion of gas, respectively. This task requires us to establish the normal gas content of a galaxy of given mass, structural properties and star formation rate. The classic concept of Hi deficiency established for spiral galaxies (Haynes & Giovanelli 1984; Solanes, Giovanelli, & Haynes 1996 ) is a well-known attempt to quantify whether or not a galaxy has been recently stripped of its Hi gas. Our approach is to fit a plane to the 2-dimensional relation between Hi mass fraction, stellar surface mass density, and NUV−r colour. We showed preliminary results that make use of Hi detections only, and will include non-detections at a later stage, when we have larger samples that will allow us to recover a signal from their stacked spectra.
The GASS survey has already identified a few interesting examples of transition galaxies. In this work we have pointed out two examples, GASS 3505 and GASS 7050, i.e., a very gas-rich, early-type galaxy and a gas-poor disk. Many examples of Hi-deficient galaxies are known from the literature. More intriguing are red sequence galaxies that might be accreting gas and maybe even regrowing a disk (such as perhaps GASS 3505). Two such systems, NGC 4203 and NGC 4262, have been identified by Cortese & Hughes (2009) from a more local sample of galaxies. The authors report convincing evidence that the Hi, which is distributed in ring-like structures in both NGC objects, might be of external origin. Interestingly, also GASS 3505 shows an external ring-like structure in the GALEX images. We have recently obtained VLA data for this galaxy, and will report on it in a separate paper.
The GASS data base of stellar and gas-dynamical measurements will provide an unprecedented view of the gas properties and kinematics of massive galaxies, complementing the results of on-going blind surveys such as ALFALFA. Once completed, GASS will allow us to move beyond the mean gas fraction scaling relations studied in this paper, and address second order questions, such as how the gas fractions depend on metallicity or other quantities at fixed stellar mass. GASS will also quantify the frequency with which different kinds of transition galaxies occur in the local universe, and how this depends on factors such as local environment and AGN content. Insight into the nature of massive and transition objects will give us a strong foundation to further understand the gas properties of high-redshift galaxies, and will help guide future directions for Hi surveys at existing and planned radio facilities.
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APPENDIX: NOTES ON INDIVIDUAL OBJECTS
We list here notes for galaxies marked with an asterisk in the last column of Tables 2 and 3. The galaxies are ordered by increasing GASS number. In what follows, AA1 and AA2 are abbreviations for ALFALFA detection codes 1 and 2, respectively. ′ -4 ′ away. 29420 -group: two small galaxies ∼2 ′ away, same cz, + others, no cz; looks like a galaxy is detected in the off. 29699 -group: 2 galaxies ∼same z within 2 ′ , and another one at z=0.044. 30479 -disk ∼1.5 ′ away has z=0.08, no contamination problems.
Detections (
-blue galaxy ∼1
′ SW has z=0.202, no contamination problems. 39448 -blue galaxy ∼1 ′ away, same cz (z=0.0341; GASS 39448 has z=0.0339), contamination certain.
-blue irregular galaxy ∼1
′ NW detected in board 3; galaxy ∼1
′ SW has z=0.076; 2 galaxies ∼0.5 ′ SW, no cz, marginally detected?.
-∼3
′ away from GASS 39607, same cz, also not detected. 39607 -see GASS 39606. 40257 -group: 3 small galaxies within 2.5 ′ E and a large disk ∼2 ′ NW, ∼same cz. 40317 -group: 3 galaxies within 2.5 ′ , ∼same cz; marginally detected blue irregular, 2 ′ SW, z=0.0404 (1365.25 MHz)?. 40686 -group: 4 galaxies within 2 ′ , ∼same cz, one detected (SDSS J131527.88+095243.7, a bluish, edge-on disk ∼2 ′ away, z=0.0505, 1352.12 MHz).
-small companion ∼1
′ away, z=0.0499 (1352.90 MHz), also not detected. 41974 -group in background (3 galaxies at 2 ′ -3 ′ with z=0.045-0.047), no contamination problems. 42020 -blue irregular galaxy nearly attached, no cz; neg. spike near 1373 MHz is not RFI and is in both pols... galaxy in off?. 42156 -detected SDSS J151719.24+072828.3, a blue disk ∼1.5 ′ SW, z=0.0367 (1370.16 MHz). Possible contribution from GASS 42164 at the same cz (1370.03 MHz), a larger, face-on, red spiral ∼2 ′ away from GASS 42156. Also, small disk, 2 ′ E, z=0.077. No confusion problems. Table 1 . SDSS and UV Parameters of the GASS Galaxies. c 0000 RAS, MNRAS 000, 000-000 Notes. -a Weighted, average gas fraction; Hi mass of non-detections set to upper limit. b Weighted, average gas fraction; Hi mass of non-detections set to zero. c Weighted, median gas fraction; Hi mass of non-detections set to upper limit. d Average number of galaxies in bin.
